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PASSIVE OPTICAL DIODE ON
SEMICONDUCTOR SUBSTRATE

This application 1s a continuation of U.S. patent Ser. No.
14/382,507, filed Sep. 2, 2014, which 1s a 371 National

Phase application of the PCT/US2012/060319, filed Oct. 15,
2012, which claims the benefit of U.S. Provisional Patent
Application Ser. No. 61/605,913, filed Mar. 2, 2012, which

1s mncorporated herein by reference.

GOVERNMENT RIGHTS

This 1nvention was made with government support under
HDTRA1-10-1-0106-awarded by the Defense Threat
Reduction Agency; RR026273 awarded by the National
Institutes of Health; ECCS-09257359 awarded by the
National Science Foundation; and FA9550-08-1-0379
awarded by the United States Air Force. The government has
certain rights 1n the mvention.

FIELD OF THE INVENTION

The present invention relates to optical communication
components, and more particularly, to optical diodes.

BACKGROUND

A device allowing nonreciprocal transmission, or in other
words, transmission in one direction and blocking in the
other), 1s a fundamental building block in information pro-
cessing. Nonreciprocal transmission 1s sometimes referred
to as the “diode eflect”. In electrical system, nonreciprocal
transmission has been realized 1n integrated circuits by a p-n
junction 1 a semiconductor device, or in other words, a
common diode.

However, 1n the field of optics, nonreciprocal transmis-
sion 1s inherently difficult to accomplish, due to the time-
reversal symmetry of the light-matter interaction. Prior
attempts to achieve optical nonreciprocal transmission have
included those based on the magneto-optic eflect, as dis-
cussed, for example, n R. L. Espinola et al, Magneto-
Optical Nonreciprocal Phase Shift in Garnet/Silicon-on-
Insulator Waveguides, 29 Opt. Lett. 941 (2004). Others
attempts 1nclude those based on optical non-linearity as
discussed, for example, 1n S. F. Mingaleev, et al., Nonlinear
Transmission and Light Localization in Photonic-Crystal
Waveguides, 19 J. Opt. Soc. Am. B 2241 (2002). Still other
attempts have mvolved electro-absorption modulation, cho-
lesteric liquid crystals, optomechanical cavities, indirect
interband photonic transitions, and opto-acoustic eflects.

While many of these attempts have achieved optical
nonreciprocal transmission, they have limitations. Specifi-
cally, none of these attempts have achieved a CMOS-
compatible passive optical diode with a footprint and func-
tionality analogous to p-n junctions, for use at near infrared
light. Near inirared light 1s the wavelength choice for silicon
photonics.

There 1s a need, therefore, for an optical diode, or optical
nonreciprocal transmission device, that operates at near

inirared light that 1s passive, and has a reduced footprint and
1s CMOS-compatible.

SUMMARY

The present invention address the above needs, as well as
others, by providing a device having asymmetrical coupling
between two light guides and an optical cavity that 1s
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capable of storing light, such that the device transmits light
in a first direction with much higher power than in the
opposite direction. The asymmetrical coupling exploits ther-
mal eflects in the semiconductor material to change the
resonant wavelength of the optical cavity depending on the
direction of the light travel. The change 1n resonant wave-
length results 1n a nonreciprocal device response.

A first embodiment 1s a method of fabricating an optical
device that includes a first optical cavity, a second optical
cavity, a first light guide and a second light guide. Each of
the first and second optical cavities 1s formed on a semi-
conductor substrate, and 1s configured to store light. The first
light guide has an 1mput, and 1s optically coupled to the first
optical cavity by a first coupling strength. In addition, the
first light guide 1s optically coupled to the second optical
cavity by a second coupling strength. The second light guide
has an output, and 1s coupled to the second optical cavity by
a third coupling strength. The first coupling strength 1is
greater than the second coupling strength, and the third
coupling strength 1s greater than the second coupling
strength.

A second embodiment 1s a method of fabricating an
optical device that includes an optical cavity and first and
second light guides. The optical cavity 1s formed on the
semiconductor substrate, and 1s configured to store light.
The first light guide 1s optically coupled to the optical cavity
by a first coupling strength, and has an input coupling. The
second light guide has an output coupling, and 1s optically
coupled to the second optical cavity by a second coupling
strength. The second coupling strength 1s greater than the
first coupling strength. At least a first wavelength of light
propagates from the input coupling to the output coupling
with a first attenuation, and the first wavelength of light
propagates from the output coupling to the input coupling
with a second attenuation that 1s greater than the first
attenuation.

The difference 1in gap widths results optical energy having
different effects on the micro-ring resonant wavelength,
dependent on the direction of travel of the light signal. In the
other embodiments, the asymmetrical coupling between the
light guides and the light storage cavity provide the same
cellects. It 1s this feature that can allow for diode-like

operation.
Another embodiment of the invention 1s a method of
fabrication of any of the optical devices described above.
The features and advantages of the embodiments
described herein will become more readily apparent to those
of ordinary skill in the art by reference to the following
detailed description and accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a schematic diagram of an optical compo-
nent according to a first exemplary embodiment of the
invention;

FIG. 2 shows wavelength response curves of the notch
filter of the optical component of FIG. 1 under different
conditions;

FIG. 3 shows wavelength response curves of the ADF
filter of the optical component of FIG. 1 under different
conditions;

FIG. 4 shows wavelength response curves of the optical
component of FIG. 1 under different conditions;

FIG. 5 shows fragmentary top plan view of an alternative
embodiment of the optical component of FIG. 1;
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FIG. 6 shows a schematic diagram of an optical circuit
incorporating the optical component of FIG. 5.

DETAILED DESCRIPTION

FIG. 1 shows a schematic diagram of an optical compo-
nent 10 that may be employed as an optical diode in
accordance with at least one embodiment of the mnvention.
The optical component 10 includes a semiconductor sub-
strate 12 on which are formed a first optical cavity 1n the
form of a first micro-ring resonator 14, a second optical
cavity in the form of a second micro-ring resonator 16, a first
light guide 1n the form of a first waveguide 18 and a second
light guide 1n the form of a second waveguide 20.

The micro-ring resonators 14, 16 are configured to reso-
nate light at a resonant frequency as 1s known 1n the art. Each
of the first micro-ring resonator 14 and second micro-ring
resonator 16 1n this embodiment 1s formed as single crystal
silicon on top of an S10, substrate 12. Each micro-ring
resonator 14, 16 in this embodiment has a cross-sectional
thickness of 500 nm, a cross-sectional width or height of 250
nm, and a radius of 5 um.

It will be appreciated that in other embodiments, either or
both of the first micro-ring resonator 14 and/or the second
micro-ring resonator 16 may be replaced by other forms of
light cavities that are formed on the semiconductor substrate
12 and are configured to store light and increase an electrical
field 1n a localized region. To this end, the micro-rings 14,
16 may suitably be replaced by other resonators, such as
waveguides 1n the shapes of racetracks and the like. Alter-
natively, the micro-rings 14, 16 may be replaced by optical
traps, such as those formed by a photonic crystal.

Each of the first waveguide 18 and the second waveguide
20 1s a length of waveguide formed on the semiconductor
substrate 12. The waveguides 18, 20 can be replaced how-
ever, by other devices that allow light to travel through it.
The light guides 18, 20 may suitably be any optical wave-

guide such as a wire waveguide, b waveguide, tapered
fibers or the like. In the embodiment described herein,
however, the waveguides 18, 20 are waveguides formed of
single crystal silicon on top of a S10, substrate 12.

The first waveguide 18 has an input port 22 that forms the
input port of the device 10. The input port 22 has a coupling
for receiving optical signals from a source, such as an optical
circuit, not shown 1n FIG. 1. To this end, the input port 22
may suitably comprise a diflraction grating. The first wave-
guide 18 1s optically coupled to the first micro-ring resonator
14 by a first coupling strength. To this end, the first wave-
guide 18 1s separated from the first micro-ring resonator 14
at 1ts closest point 36 by a first gap 24 having a first gap
width G1. In addition, the first waveguide 18 1s optically
coupled to the second micro-ring resonator 16 by a second
coupling strength. To this end, the first waveguide 18 1is
separated from the second micro-ring resonator 16 at its
closest point 38 by a second gap 26 having a second gap
width G2. The point 36 at the first gap 24 1s disposed
between the input port 22 and the point 38 at the second gap
38.

The second waveguide 20 has an output port 28 that forms
the output port of the device 10. The output port 28 may
suitably comprise a diflraction grating. The second wave-
guide 20 1s optically coupled to the second micro-ring
resonator 16 by a third coupling strength. To this end, the
second waveguide 20 1s separated from the second micro-
ring resonator 16 at its closed point 40 by a thuird gap 30
having a third gap width G3.
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In general, the waveguides 18, 20 (or alternative light
guides) and the micro-ring resonators 14, 16 (or alternative
light cavities or traps) are arranged such that the {first
coupling strength 1s greater than the second coupling
strength, and that the third coupling strength 1s greater than
the second coupling strength. As will be discussed below, 1t
1s this relationship of coupling strengths that facilitates
diode-like operation of the optical device 10.

In this embodiment, the waveguides 18, 20 have similar
dimensions and the micro-ring resonators 14, 16 have the
similar dimensions. In particular, each of the first waveguide
18 and the second waveguide 20 1n this embodiment 1s
formed of single crystal silicon on top of an S10, substrate
12. In such an embodiment, the optical component 10 may
readily be fabricated using CMOS techniques on a silicon-
on-insulator (SOI) substrate. Each of the first and second
waveguides 18, 20 1n this embodiment has a cross-sectional
width of 500 nm, and a cross-sectional thickness (or height)
of 250 nm.

To achieve the relative coupling strengths described
above, the gap width G1 (between the first waveguide 18
and the first micro-ring resonator 14 1s smaller than the gap
width G2 between the first waveguide 18 and the second
resonator 16. Moreover, the gap width G3 between the
second waveguide 20 and the second resonator 16 1s smaller
than the gap width G2 between the first waveguide 18 and
the second resonator 16.

It will be appreciated that 1n this embodiment, the first
waveguide 18 and the first micro-ring resonator 14 are 1n the
form an optical notch filter 32. Similarly, the first waveguide
18, the second waveguide 20 and the second micro-ring
resonator 16 are in the form of an add-drop filter (ADF) 34.
The input port 22 of the first waveguide 18 forms the mput
of the notch filter 32. The output of the notch filter 32 forms
the mput of the ADF 34, and the output port 28 of the second
waveguide 20 forms the output of the ADF 34.

In general, the difference in gap widths G2 and G3
facilitates a redshiit in the resonant wavelength of the
second micro-ring 16 1n the reverse bias direction (light
signal receirved on the second waveguide 20 from the output
port 28) while not facilitating a redshift in the resonant
wavelength of the second micro-ring 16 in the forward bias
direction (light signal received on the first waveguide 18
from the mput port 22). This feature allows the device 10 to
transier a wavelength of interest at a lower attenuation in the
forward bias direction than in the reverse bias direction.

In forward-bias operation, light of suflicient power, such
a 85 mW, 1s applied to the mput port 22, and observed at the
output port 28 at a wavelength A,=1630 nm. In this embodi-
ment, the nominal resonant wavelength of both of the
micro-rings 14 and 16 occurs at a wavelength of 1630 nm.
As a result, the notch filter 32 has a nominal stop band of
around 1630 nm, and the ADF filter 34 has a pass band that
includes 1630 nm.

The mput light signal 1s coupled via the first gap 24 1nto
the first micro-ring 14, where energy 1s accumulated at the
resonant wavelength thereof. As energy accumulates 1in the
first micro-ring 14, the silicon heats. As a consequence, due
to thermal-optical eflects, the resonant wavelength of the
micro-ring 14 red-shifts such that the wavelength of interest
A, 1s no longer 1n the stop band. Thus, when a signal of
suflicient power 1s received at the mput port 22, the notch
filter 32 does not significantly attenuate the signal power of
the wavelength of interest A.

Referring to FIG. 2, a power versus wavelength graph of
the notch filter 32 1s shown. The curve 202 shows the
nominal power versus wavelength of the notch filter 32, such
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as under low power (e.g. 85 nW), and the curve 204 shows
versus wavelength of the notch filter 32 under higher power
(85 mW). As shown 1n FIG. 2, the 85 mW input light signal
causes the stop band 206 of the notch filter 32 to shiit from
the nominal wavelength A, to a higher wavelength.

Referring again to FIG. 1, as a result of the red-shift of the
resonant wavelength of the first micro-ring resonator 14 (and
hence the stop band of the notch filter 32), light at the
wavelength of interest, A, passes through the notch filter 32
at a relatively high power. This 1s shown by the level 208 of
the curve 204 at A, of FIG. 2.

The “notch filtered” light signal 1s received (by virtue of
continued propagation along the first waveguide 18) at the
input of the ADF 34 and the point 38 of the waveguide 18.
As discussed above, the notch filtered light signal has a
power spectrum similar to the curve 204 of A, of FIG. 2. The
notch filtered light signal 1s coupled from the first waveguide
18 to the second micro-ring resonator 16 via the second gap
26. Because the second gap 26 1s larger than the first gap 24,
much less overall optical energy of the light signal 1s
coupled into the second micro-ring 16 of the ADF 34.
Because the light signal within the second micro-ring 16 1is
much less powerful than the input light signal coupled nto
the first micro-ring 14, the accumulated energy 1n the second
micro-ring 16 1s not sufliciently powertul to cause a red-shiit
in the resonant wavelength of the second micro-ring 16 and
hence the ADF 32. As with normal ADF operation, the light
signal within the second micro-ring 16 1s coupled onto the
second waveguide 20. The signal on the second waveguide
20 passes to the output port 28 as the output signal.

Because the resonant wavelength of the second micro-
ring 16 1s A,, the light signal coupled out of the second
micro-ring 16 will have a relatively high power at A,.
Referring to FIG. 3, a power spectrum of the response of the
ADF 34 1s shown. In particular, the curve 302 shows the
nominal wavelength response curve of the ADF 34. The
curve 304, discussed further below, shows the wavelength
response curve of the ADF 34 when the second micro-ring,
16 receives a higher power optical signal and experiences a
red-shift of 1ts resonant wavelength.

With reference to FIGS. 2 and 3, it can be seen that the
response of the optical device 10, when recerving 85 mW of
optical power at the first port 22, has a response curve
roughly equal to the combination of the curve 204 of FIG.
2, where the notch filter 32 has experienced a red-shift 1n 1ts
resonant (and stop band) wavelength, and the curve 302 of
FIG. 3, where the ADF 34 has not experienced a red-shiit in
its resonant (and pass band) wavelength. For example, FIG.
4 shows a wavelength response spectrum 402 of the optical
device 10 that represents the combination of the curves 204
of FIGS. 2 and 302 of FIG. 3. In other words, FIG. 4 shows
the response spectrum 402 of the optical device 10 under
forward bias conditions, when suthicient optical power 1s
received at the first port 22.

As 1illustrated by the curve 402 of FIG. 4, the power at the
wavelength A, 1s at a first level that 1s relatively high 1n
comparison to other wavelengths. This represents the diode-
on, forward bias transmission of the light signal by the
optical device 10 at the wavelength A,. By contrast, as will
be discussed below, the optical device 10 provides a sub-
stantially lower power at the wavelength A, when a signal of
equal power 1s received instead at the output port 28, 1n
reverse bias direction. For example, FIG. 4 shows a curve
404 of the power spectrum at the first port 22 when an 85
mW optical signal 1s recerved at the output port 28. It can be
seen that the power level at the wavelength A, 1s much lower
in reverse bias.
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In particular, when an optical signal 1s received at the
output port 28, 1t propagates through the second waveguide
20 and 1s coupled into the micro-ring 16 through the third
gap 30. Because the third gap 30 1s smaller than the second
gap 26, more energy of the received light signal accumulates
in the second micro-ring 16 of the ADF 34 1n the reverse
direction. This higher level of energy causes the second
micro-ring 16 to heat up, resulting 1 a red-shift in the
resonant wavelength. As with normal ADF operation, the
micro-ring 16 couples the ADF filtered signal onto the first
waveguide 18.

Referring to FIG. 3, as discussed above, the curve 304
represents the response curve of the ADF 34 under red-shiit
conditions caused by the application of an 85 mW optical
signal 1n reverse bias, or in other words, received at the
output port 28. Accordingly, the optical signal coupled onto
the second waveguide 20 will have a slightly reduced power
at the wavelength A,. Moreover, because of the relatively
large second gap 26 between the second micro-ring 16 and
the first waveguide 18, the overall power of the optical
signal coupled onto the first wave guide 18 is significantly
reduced. The reduced power signal propagates toward the
notch filter 32 and hence toward 1n the mput port 22.

The reduced power signal 1s coupled via the first gap 24
into the first micro-ring 14. Because the overall power 1s
reduced 1n the optical signal, the accumulated optical energy
in the first micro-ring 14 1s not suflicient to cause a red-shiit
of the resonant wavelength (and hence stop band of the
notch filter 32). As a consequence, the notch filter 32 has the
response substantially the same as the nominal response
curve 202 of FIG. 2. As can be seen 1n FIG. 2, the notch filter
32 with the nominal response curve 202 significantly attenu-
ates the wavelength component at the wavelength A,

Thus, the output signal at the first port 22 of the reverse
bias signal (received at the output port 28) will have a
response curve that 1s a combination of the curve 304 of FIG.
3 and the curve 202 of FI1G. 2. This combined response curve
1s shown as the curve 404 of FIG. 4. As illustrated 1n the
response curve 404 of FIG. 4, the power level at A, 1s
substantially reduced with respect to the remainder of the
wavelengths. Accordingly, the same power input signal of
85 mW will produce a much lower power at A, 1n reverse
bias (input at the output port 28) than in forward bias (input
at the mput port 22). Accordingly, the optical device 10
demonstrates optical nonreciprocity at the wavelength A,
due 1n large part to the asymmetrical coupling strengths
between the second micro-ring 16 and each of the first and
second waveguides 18, 20, as well as the stronger coupling
of the first waveguide 18 to the first micro-ring 14 as
compared to the coupling of the first waveguide 18 to the
second micro-ring 16.

It will be appreciated that while the various coupling
strengths discussed above in this embodiment have been
achieved by varying the gap widths, another way to achieve
different coupling strengths as describe above 1s to employ
different effective refractive indices of the waveguides 18,
20 at the points 36, 38 and 40 (with or without changing the
gap), or to employ different refractive indices of the micro-
rings at locations near the gaps 24, 26 and 28.

Employing different refractive indices may be carried out
by changing the physical dimensions of the waveguides 18,
20 at points 36, 38 and 40, or changing the physical
dimensions of the micro-rings 14, 16 adjacent the gaps 24,
26 and 30. The different refractive indices of the waveguides
18, 20 and/or micro-rings 14, 16 near the gaps 24, 26 and 30
may also be achieved using different materials having dif-
ferent eflective refractive indices, or employing an asym-
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metric overcladding or undercladding around the gaps 24,
26 and 30 to locally change the strength of coupling.

In any event, the above-described element may be readily
tabricated on an SOI substrate using normal CMOS fabri-
cation techmques. As will be discussed below, the silicon
waveguide may be formed using electron beam lithography
and reactive 10n etching techmques.

It will also be appreciated with reference to FIG. 3, that
at least some non-reciprocity of signals at the wavelength A,
can be achieved within only the ADF 34, or 1n other words,
with only the first waveguide 18, the second micro-ring 16
and the second waveguide 20. However, improved non-
reciprocity (larger attenuation difference between forward
and reverse bias) may be with the addition of the notch filter
32 as discussed above.

One of the important features of the optical device 10 1s
the matching of the resonant wavelengths of the two high Q
filters 32, 34 when they are operating in the linear mode, 1.¢.,
with relatively low incident power (such as 85 mW). How-
ever, fabrication of high Q micro-rings such as the micro-
rings 14, 16 cannot, at present, easily match exactly in their
resonant wavelengths due to limited precision 1n nanofab-
rication. Accordingly, in an alternative embodiment, one of

the micro-rings 1s fabricated to be slightly smaller than the
other, and then heated with a resistive micro-heater formed
on the substrate 12, to match the resonant frequencies.

Specifically, FIG. § shows a schematic diagram of an
alternative device 10' having the same elements as the
optical device 10, with the exception that the optical device
10" includes an titamium micro-heater 46 disposed on the
semiconductor substrate 12 adjacent to the notch filter 32.
The titamium micro-heater 46 comprises a conductive/resis-
tive strip line that surrounds the first micro-ring 14 on
multiple sides, while simultaneously being further spaced
apart from the second micro-ring 16. The micro-heater 46 1s
turther spaced apart from the second micro-ring 16 to avoid
aflecting the response of the second micro-ring 16. The
micro-heater 46 1s connected at one end to a first contact pad
48 and at the other end to a second contact pad 50. When
voltage (1.e. current) 1s applied across the first and second
contact pads 48, 50, the micro-heater 46 generates I°R
energy 1n the form of heat, which radiates to the first
micro-ring 14.

In practice, the first micro-ring 14 1n the optical device 10’
1s formed to have a radius that 1s slightly smaller than that
of the second micro-ring 16. The first micro-ring 14 1is
formed smaller to ensure that the correction by heating,
which can only increase the resonant wavelength of the
notch filter 32, will bring the resonant wavelengths of the
micro-rings 14 and 16 1n tune with each other. In this
embodiment, the first micro-ring 14 1s formed with a target
radius of 5.000 uM and the second micro-ring 16 1s formed
with a target radius of 5.002 uM.

FIG. 6 shows a schematic diagram of the optical device
10" employed 1n an optical circuit 600. The optical circuit
600 includes a first optical circuit portion 602 and a second
optical circuit portion 604, with the optical device 10
optically coupled therebetween. To this end, each of the first
optical circuit portion 602 and the second optical circuit
portion 604 includes one or more optical components that
carry out functions, for example, mn transmitting and/or
otherwise manipulating data signals. The first optical circuit
portion 602 includes a first port 606 operably coupled to the
input port 22 of the optical device 10", and the second optical
circuit portion 604 includes a second port 608 operably
coupled to the output port 28 of the optical device 10"
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In this embodiment, the optical circuit 600 1s configured
to allow optical signals at a wavelength of interest, e.g. the
wavelength A,, to propagate from the first optical circuit
portion 602 to the second optical circuit portion 604. How-
ever, the optical circuit 600, by action of the optical device
10' more highly attenuates optical signals at the wavelength
of interest that propagate from the second optical circuit
portion 604 to the first optical circuit portion 602. In many
cases the amount of attenuation 1s suflicient to effectively
block the optical signal 1n the reverse bias direction.

As shown 1n FIG. 6, the pads 48, 50 of the optical device
10" are electrically coupled to a configurable electrical
source 610. The configurable electrical source 610 1s con-
figured to provide a current between the contacts 48 and 50
suflicient to cause the micro-heater 46 to heat the first
micro-ring 14 as necessary to achieve a resonant wavelength
that matches that of the second micro-ring 16 1n the manner
discussed above. The configurable electrical source 610 1s
configurable to provide the specific amount of current nec-
essary to adjust the resonant wavelength of the first micro-
ring 14 based on any manufacturing variances in the first and
second micro-rings 14, 16.

It will be appreciated that while the first optical circuit
portion 602, the second optical circuit portion 604, and the
clectrical source 610 are all shown as being independent of
the substrate 12, all or a part of any of those elements may
also be formed or disposed on the substrate 12. It will be
noted that because the optical device 10' 1s formed on the
semiconductor substrate 12, 1t may be incorporated in an
integrated circuit formed on the semiconductor substrate 12
that includes electrical components, even including micro-
processors, memories and the like.

Fabrication

The optical devices 10, 10' 1n an exemplary embodiment,
can be fabricated from an SOI wafer having 250 nm thick
top silicon layer and 3 um buried oxide. The optical device
10, including the micro-rings 14, 16 and the waveguides 18,
20 was patterned using high resolution electron-beam lithog-
raphy, having a beam step size of 2 nm. Thereaiter, the
micro-rings 14, 16 and waveguides 18, 20 were formed after
reactive-1on etching with a chlorine-argon gas mixture in an
inductively coupled plasma tool. No cladding was applied.
In the case of the optical device 10', the titantum micro-
heater 46 subsequently evaporated on top of the buried oxide
next to only the notch filter micro-ring 32.

It will be appreciated that placement of the titanium
micro-heater 46 beside the first micro-ring 14, instead of
above the micro-ring 14, preserves the high Q of the notch
filter micro-ring 14, even though heating efliciency 1s some-
what compromised. It will further be appreciated that
employing separately actuated micro-heaters for the notch
filter micro-ring 14 and the second micro-ring 16 provides
the possibility making the entire optical device 10 tunable to
other resonant wavelengths. In addition, alternative devices
may of course be fabricated with micro-rings 14, 16 of larger
or smaller radi, and corresponding larger or smaller gap
s1zes, to accommodate different wavelengths of interest.

It will also be appreciated that the optical diode 10 can be
realized 1n maternals other than silicon. For example, the
optical diode 19 can be fabricated using any material that
can allow light to be confined 1n 1t and manipulated, includ-
ing other semiconductors such as germanium, gallium
arsenide, indium arsenide, oxides like titantum dioxides,
silicon nitrides and other high refractive index materials. It
will also be appreciated that while FIGS. 1 and 5 show two
optical cavities or traps (1.e. micro-ring resonators 14, 16),
any number of optical cavities could be cascaded to the
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system to increase the efliciency of the performance as long
as they all behave 1n the same manner as the notch filter 32
(forward propagating light 1s not attenuated since 1t 1s not
falling 1n the resonance while backward propagating light
falls into the resonance which kills the light).

It will be appreciated that the above described embodi-
ments are merely exemplary, and that those of ordinary skaill
in the art may readily devise their own implementations and
modifications that incorporate the principles of the present
invention and fall within the spirit and scope thereof.

We claim:

1. A method of fabricating an optical device, comprising:

forming a first optical cavity formed on a semiconductor

substrate, the first optical cavity configured to store
light;

forming a second optical cavity on the semiconductor

substrate, the second optical cavity configured to store
light;

forming a first light guide on the semiconductor substrate,

the first light guide having an iput, the first light guide
optically coupled to the first optical cavity by a first
coupling strength, the first light guide optically coupled
to the second optical cavity by a second coupling
strength; and

forming a second light guide on the semiconductor sub-

strate, the second light guide having an output, the
second light guide coupled to the second optical cavity
by a third coupling strength;

wherein the first coupling strength 1s greater than the

second coupling strength, and the third coupling
strength 1s greater than the second coupling strength.

2. The method of claam 1, wherein forming the first
optical cavity comprises forming a first optical resonator,
and wherein forming the second optical cavity comprises
forming a second optical resonator.

3. The method of claam 2, wherein forming the first
optical cavity further comprises forming the first optical
resonator of single crystal silicon on an S10, substrate.

4. The method of claam 3, wherein forming the first
optical resonator further comprises patterning the optical
resonator using electron-beam lithography, and reactive
ion-etching.

5. The method of claim 2, wherein the first optical
resonator and the second optical resonator have substantially
identical resonant wavelengths for a given optical power
within the cavity.

6. The method of claim 2, wherein forming the first light
guide comprises forming a first waveguide and wherein
tforming the second light guide comprises forming a second
waveguide.

7. The method of claim 6, wherein forming the first light
guide comprises forming the first waveguide of single
crystal silicon on an S10, substrate.

8. The method claim 6, wherein the first waveguide 1s
separated from the second optical resonator by a first gap
having a first gap width, the second waveguide 1s separated
1s separated from the second optical resonator by a second
gap having a second gap width, and the first gap width 1s
greater than the second gap width.

9. The method of claim 8, wherein the first waveguide 1s
separated from the first resonator by a third gap having a
third gap width, and the first gap width 1s greater than the
third gap wadth.

10. The method of claim 6, wherein the first waveguide 1s
separated from the second optical resonator by a first gap,
the second waveguide 1s separated i1s separated from the
second optical resonator by a second gap, and wherein a first
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refractive index of the first waveguide proximate the first
gap 1s ditlerent from a second refractive index of the second
waveguide proximate the second gap.

11. The method of claim 1, further comprising forming a
micro-heater on the semiconductor substrate such that the
micro-heater 1s closer to the first optical cavity than to the
second optical cavity.

12. The method of claim 11, wherein forming the micro-
heater further comprises evaporating titantum onto a buried
oxide layer proximate the first optical resonator.

13. A method of fabricating an optical device, comprising:

forming an optical cavity on the semiconductor substrate,

the optical cavity configured to store light;
forming on the semiconductor substrate a first light gmide

having an input, the first light guide optically coupled

to the optical cavity by a first coupling strength, the first
light guide having an input coupling; and
forming on the semiconductor substrate a second light
guide having an output coupling, the second light guide
optically coupled to the optical cavity by a second
coupling strength;
wherein the second coupling strength 1s greater than the
first coupling strength, and wherein the optical cavity,
the first light gmide and the second light guide are
formed such that a first wavelength of light propagates
from the input coupling to the output coupling with a
first attenuation, and the first wavelength of light propa-
gates from the output coupling to the input coupling
with a second attenuation that 1s greater than the first
attenuation.

14. The method of claim 13, wherein the optical cavity
comprises an optical trap.

15. The method of claim 13, wherein the optical resonator
comprises a micro-ring resonator.

16. A method of using an optical device, comprising:

recerving an optical signal at a first light guide via a first

input coupling, the first light guide coupled to an
optical cavity by a first coupling strength, the optical
cavity disposed on a semiconductor substrate and con-
figured to store light;

coupling the optical signal from first light guide to the

optical cavity;
coupled the optical signal from the optical cavity to a
second light guide, the second light guide coupled to
the optical cavity by a second coupling strength, the
second light guide having an output coupling;

wherein the second coupling strength 1s greater than the
first coupling strength, and wherein the optical device
1s configured such that a first wavelength of light
propagates from the input coupling to the output cou-
pling with a first attention, and the first wavelength of
light propagates from the output coupling to the mnput
coupling with a second attenuation that 1s greater than
the first attenuation.

17. The method of claim 16, further comprising passing
the recetved optical signal through a notch filter formed by
a part of the first light guide coupled to a turther optical
cavity by a third coupling strength, wherein the third cou-
pling strength 1s greater than the first coupling strength.

18. The method of claim 17, wherein the optical cavity
and the further optical cavity have substantially identical
resonant wavelengths for a given optical power within the
cavity.

19. The method of claim 17, turther comprising applying
current to a micro-heater, the microheater configured to heat
the further optical cavity more than the optical cavity.
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20. The method of claim 17, wherein the further optical
cavity 1s disposed on the semiconductor substrate, and
turther comprising applying the received optical signal to
the first light guide at a power level at which the further
optical cavity heats the semiconductor substrate sufliciently 5
to change a resonant wavelength of the further optical cavity.
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